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Abstract: We characterized new particle formation (NPF) events in the urban background of 
Amman during August 2016–July 2017. The monthly mean of submicron particle number 
concentration was 1.2 × 104–3.7 × 104 cm−3 (exhibited seasonal, weekly, and diurnal variation). 
Nucleation mode (10–15 nm) concentration was 0.7 × 103–1.1 × 103 cm−3 during daytime with a sharp 
peak (1.1 × 103–1.8 × 103 cm−3) around noon. We identified 110 NPF events (≈34% of all days) of which 
55 showed a decreasing mode diameter after growth. The NPF event occurrence was higher in 
summer than in winter, and events were accompanied with air mass back trajectories crossing over 
the Eastern Mediterranean. The mean nucleation rate (J10) was 1.9 ± 1.1 cm−3 s−1 (monthly mean 1.6–2.7 
cm−3 s−1) and the mean growth rate was 6.8 ± 3.1 nm/h (4.1–8.8 nm/h). The formation rate did not have 
a seasonal pattern, but the growth rate had a seasonal variation (maximum around August and 
minimum in winter). The mean condensable vapor source rate was 4.1 ± 2.2 × 105 molecules/cm3 s (2.6–
6.9 × 105 molecules/cm3 s) with a seasonal pattern (maximum around August). The mean 
condensation sink was 8.9 ± 3.3 × 10−3 s−1 (6.4–14.8 × 10−3 s−1) with a seasonal pattern (minimum 
around June and maximum in winter). 
Keywords: formation rate; growth rate; condensation sink; vapor source rate; particle number size 
distribution; seasonal 
 
1. Introduction 
Aerosol particles have direct and indirect impacts on Earth’s climate and public health [1–7]. 
Thus, it is important to understand their sources and sinks in terms of formation, transformation, and 
removal processes in the atmosphere in addition to their physical and chemical properties. 
Aerosol particles originate from several sources including natural and anthropogenic ones. New 
particle formation (NPF), which is the gas-to-particle conversion, is a major source of aerosol particles 
that can grow to sizes where they can act as cloud condensation nuclei and further affect the climate 
[8–10]. NPF has been observed in different environments including the free troposphere; high 
mountains; arctic, and sub-arctic, and remote boreal forests; industrialized and agricultural areas; 
suburban, urban regions, and heavily polluted megacities; and coastal areas [11–68]. The spatial scale 
and time-span of NPF event occurrence were also considered in few studies by including multiple 
locations and combining the analysis with air mass back trajectories [59,64,65,67,69,70]. Hussein et al. 
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[64] reported that many NPF events can simultaneously occur over a spatial scale less than 2000 km 
in Scandinavian conditions and very few can be observed beyond that scale covering the Finnish 
Lapland and southern Sweden. A similar study also confirmed such large spatial scale (120–850 km) 
of NPF events occurrence in the Eastern part of North America [69]. 
Sulfuric acid, which originates from the oxidation of SO2, is known to be the most common 
precursor in NPF due to its low volatility and especially when stabilized by a mediator base such as 
NH3 and amines [29,71–74]. These precursor vapors are found to be abundant in the urban 
atmosphere. In general, NPF events exhibit a ‘banana’ shape attributed to the continuous growth of 
the nucleation mode particles [75]. Recently, NPF events in some urban locations have been 
characterized by a decreasing mode diameter in the afternoon [50,51,68]. 
NPF events are usually characterized by their frequency, intensity (i.e., formation rate), and 
growth rate of the newly formed particles. These characteristics vary according to the environmental 
conditions [26,76]. The frequency of NPF events varies seasonally in different places; but in general, 
they seem to be less frequent in the winter. In some locations, NPF events are most frequent in the 
spring and autumn seasons, while in other locations they are most frequent during summer [26]. 
Nieminen et al. [76] reported that the highest NPF frequency of up to 75% was observed in Beijing 
and Botsalano, which are urban and rural locations, respectively. This comparison shows the 
complexity of atmospheric mechanisms in different environments. 
The literature is rich with numerous studies focusing on NPF events and their characteristics in 
many places around the globe. However, few studies have been conducted around the 
Mediterranean Sea [35,43–50,77,78] and even fewer are related to environments in the Middle East 
[51,52]. Therefore, in this study, we are aiming at characterizing NPF events in the urban background 
of Amman based on one year (1 August 2016–31 July 2017) intensive measurement campaign of fine 
particle number size distribution. The characterization included classification of NPF events, 
frequency of occurrence, formation rate, growth rate, condensation sink, and condensable vapor 
source rate during the observed NPF events. We also co-analyzed the origin of air masses arriving at 
the measurement site. This investigation was a continuation of our extensive analysis of the measured 
particle number size distributions in Amman (Jordan) where we previously investigated the 
spatiotemporal variation of the fine and coarse aerosols [79–87]. According to our knowledge, this 
study included the longest dataset of measured particle number size distributions at an urban 
background site in the Middle East and North Africa region (MENA). 
2. Materials and Methods 
2.1. Aerosol Measurements and Experimental Setup 
The long-term aerosol measurement (particle number size distribution) was performed during 
1 August 2016–31 July 2017 at the Aerosol Laboratory, which was located on the third floor of the 
Department of Physics, the University of Jordan. The University of Jordan campus area can be 
described as an urban background site in the northern part of Amman, Jordan (Figure S1). The 
detailed measurement was previously described in detailed by Hussein et al. [79]; here we give a 
brief description. 
The particle number size distribution was measured with a scanning mobility particle sizer 
(NanoScan SMPS 3910, TSI, MN, USA) and an optical particle sizer (OPS 3330, TSI, MN, USA). The 
SMPS had an electric mobility particle diameter range 10–420 nm (13 channels) scanned with 60 s (45 
s upscan and 15 s downscan). The SMPS inlet flow rate was 0.75 lpm (±20%) whereas the sample flow 
rate was 0.25 lpm (±10%). The OPS had an optical particle diameter range 0.3–10 µm (13 channels, 
TSI default particle size bins). The dead-time correction was applied in the OPS operation. The OPS 
sampling time-resolution was 5 min with a flow rate ≈1 lpm. 
The sampling inlet consisted of short Tygon tubes (4 mm inner diameter) connected to a 
diffusion drier (TSI model 3062-NC), which was used to dry conditions of aerosol sampling. The main 
inlet (≈1 m long and 8 mm inner diameter) was led through the wall to sample the outdoor air 
aerosols. The aerosol transport efficiency through the aerosol inlet was estimated experimentally and 
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the aerosol data was corrected accordingly. The aerosol transport efficiency through the aerosol inlet 
assembly was determined experimentally: ambient aerosol sampling alternatively with and without 
sampling inlet (Figure S2). The penetration efficiency was ≈47% for 10 nm, ≈93% for 0.3 µm, and ≈40% 
for 10 µm particles. Accordingly, the particle number size distributions were corrected for losses in 
the tubing and the diffusion drier. 
2.2. Characterization of New Particle Formation 
2.2.1. Classification Scheme 
The classification of new particle formation (NPF) events was based on the scheme described by 
Hussein et al. [40] that was originally developed for urban areas and applied for Helsinki, Finland. 
An NPF event is identified if a distinctly new mode of aerosol particles is observed in the nucleation 
mode size range (diameter < 25 nm) for, at least, several hours and it must show a growth pattern. 
An additional criterion is the possibility to quantify basic characteristics such as the particle growth 
rate (GR) and formation rate (J10). Therefore, the evolving nucleation mode should be clearly 
distinguishable for a sufficient time period to ensure that we have enough data points for the 
quantitative analysis. For comparison and control purposes when studying reasons leading to NPF 
events, time periods without NPF events were also of great interest. We classified days as “non-
events” whenever a growing mode was not observed. However, many days did not fulfill the criteria 
for either an event or a non-event; instead “undefined” was introduced. 
We classified the particle number size distributions visually on daily basis. In order to make the 
classification more accurate, we also visualized the geometric mean diameters of the lognormal 
modes that were used to fit the individual particle number size distributions. Figure 1 shows two 
examples of clear NPF events that were observed on 2 and 26 September 2016. 
Figure 1. Examples of new particle formation (NPF) events: (a) Type I with continuous growth (b) 
Type II with growth and shrinkage. The events are illustrated by plotting the particle number size 
distribution spectrum (a,b) and number concentrations of three particle size fractions (c,d). The circles 
on the particle number size distribution spectrum indicate the geometric mean diameter of the modes 
and the size of the circle is proportional to the mode number concentration. 
Atmosphere 2020, 11, 79 4 of 20 
 
Prior to the classification, days with missing data (and also inaccurate measurement) for a time 
period longer than 3 h during a day were removed from the data pool as we cannot make sure that 
no particle formation is occurring during that period. However, if a day showed a clear NPF event, 
it was classified as such despite the existence of gaps in the data. 
It should be noticed here that our manual/visual classification scheme can be limited due to user 
influence and limitations in the aerosol observation at our site. A manual/visual scheme may not obey 
numerically defined or reproducible criteria. However, the time period of the aerosol database 
included in this study was not long enough to warrant developing a numerical classification scheme. 
Although, numerical classification schemes can be more relevant and accurate when comparison with 
our observations is needed [88]. 
2.2.2. Estimation of the Growth Rate and Formation Rate 
There are several methods to estimate the aerosol particle growth and formation rates [21,55,89–
92], here we follow the approach by Hussein et al. [40] because it is straightforward, and it copes well 
with fluctuating data. 
The growth rate (GR) can be estimated by fitting the temporal variation of the geometric mean 
diameter of the newly formed particles (i.e., nucleation mode) to a first-order polynomial. If it seemed 
that the determination of the nucleation mode (here 10 nm < Dp < 25 nm) growth rate was highly 
unreliable, the day was disregarded from further analysis. It should be noted that in the urban 
atmosphere, a significant number of nucleation mode particles also exist outside the active NPF 
hours. These particles can have a varying, although assumedly minor, effect on the estimated growth 
rates and most likely a slightly increasing effect on the estimated formation rates. It is important to 
keep the presence of these effects in mind although they cannot be reliably quantified from the 
measurements. 
The formation rate (J10) was defined as the flux of particles past a certain diameter (Dp) due to 
growth from small particles. According to Kulmala et al. [26], J10 can be estimated as follows 
𝐽௡௨௖ = ௗௗ௧ 𝑁௡௨௖ + 𝐹஼௢௔௚ + 𝐹 ௥௢௪௧௛, (1) 
where Nnuc is the nucleation mode (here, diameter in the range 10–25 nm) particle number 
concentration, FCoag is the loss rate of the nucleation mode particles due to coagulation, and Fgrowth is 
the flux of particles out from the nucleation mode particle size range due to growth. In this study we 
calculated the formation rate of 10 nm particles using the diameter range 10–25 nm. The presented 
formation rates are mean/median formation rates over time periods where the NPF was observed to 
take place. 
The nucleation mode particle number concentration (Nnuc) is obtained by directly integrating the 
measured number concentrations of aerosol particles according to 
𝑁௡௨௖ = ׬ 𝑛ே൫𝐷௣൯ 𝑑𝐷௣ଶହ௡௠ଵ଴௡௠ , (2) 
where Dp,min is the smallest particle diameter in the measured particle number distribution nN(Dp). 
The second term (FCoag) in Equation (1) was calculated according as 
𝐹஼௢௔௚ = 𝐶𝑜𝑎𝑔𝑆௡௨௖𝑁௡௨௖, (3) 
where CoagSnuc is the coagulation sink of the measured particle number size distribution. Here we 
considered the reference diameter for the coagulation sink to be the geometric mean diameter of the 
nucleation mode, i.e., 
𝐶𝑜𝑎𝑔𝑆௡௨௖ሺ𝐷ௗሻ|஽೛ୀ஽೛,೙ೠ೎ = ׬ 𝐾൫𝐷௣ᇱ ,𝐷௣൯𝑛ே൫𝐷௣ᇱ ൯஽೛మ஽೛భ  𝑑𝐷௣, (4) 
where K(Dp’,Dp) is the coagulation coefficient of particles with diameters Dp and Dp’ according to 
Fuchs [93] and nN(Dp) is the measured particle number distribution [dN/d(Dp)]. 
The third term (Fgrowth) in Equation (1) represents the growth rate out of the nucleation mode 
according to 
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𝐹஼௢௔௚ = ீோ ே೙ೠ೎∆஽೛ , (5) 
where GR is the growth rate of the nucleation mode particles, Nnuc is again the nucleation mode 
particle number concentration, and  ΔDp is the particle diameter range of the nucleation mode. 
2.2.3. Condensable Vapor 
The change rate of the condensable vapors in the atmosphere can be expressed mathematically 
according to 
ௗ஼
ௗ௧ = 𝑄 − 𝐶𝑆 × 𝐶, (6) 
where C [molecules/cm3] is the condensable vapor concentration in the atmosphere, Q (molecules/cm3 
s) is the condensable vapor source rate, and CS [s−1] is the condensation sink. At a steady-state 
condition Equation (6) yields 
𝑄 = 𝐶𝑆 × 𝐶. (7) 
Here, the concentration of the condensable vapors can be obtained from the growth rate of 
aerosol particles [91]. In practice, the growth rate depends on the amounts of condensable vapors in 
the atmosphere. Assuming the physical properties of the condensable vapors are similar to those of 
sulphuric acid and their pressure is higher than the saturation vapor pressure at the particle surface 
[91], the vapor concentrations (cm−3) can be related to the growth rate (nm/h) according to 
𝐶 = ீோଵ.ଷଽ×ଵ଴షళ. (8) 
The condensation sink (CS) in Equation (7) is estimated from the measured particle number size 
distribution 
𝐶𝑆 = 2𝜋 ∑ 𝛽൫𝐷௣൯ 𝐷௣ 𝑁൫𝐷௣൯஽೛ , (9) 
where β is the transitional correction factor, Dp is the particle diameter, and N is their number 
concentration. 
2.2.4. Multi-Lognormal Fitting of the Particle Number Size Distribution 
The multi-lognormal distribution function, which is the sum of several lognormal modes, has 
been considered as the most suitable mathematical function to parameterize the particle number size 
distribution [94]. Each lognormal mode is defined by a geometric mean diameter (Dpg), a geometric 
standard deviation (σg), and a number concentration (N) as follows 
𝑛ே௘ ← ௗேௗ௟௢௚൫஽೛൯ = ∑ ே೔√ଶగ௟௢௚൫ఙ೒,೔൯ 𝑒ି൬೗೚೒൫ವ೛൯ష೗೚೒ቀವഥ೛೒,೔ቁ൰
మ
೗೚೒మቀ഑೒,೔ቁ௡௜ୀଵ , (10) 
where the left-hand-side represents the measured particle number size distribution and the right–
hand-side is the multi-lognormal distribution function [95]. Note that here the particle number size 
distribution, defined by Equation (10), is related to the particle number distribution (nN(Dp)), which 
was introduced in Equations (4), (5) and (9), according to 
𝑛ே൫𝐷௣൯ ← ௗேௗ஽೛ = ଵ஽೛ ௗேௗ௟௢௚൫஽೛൯ → 𝑛ே଴ ൫𝐷௣൯. (11) 
In this study, we used our automatic fitting algorithm (DO-FIT, [96]) to find the suitable number 
of modes needed to best-fit the measured particle number size distribution. 
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2.3. Supporting Data 
2.3.1. Weather Conditions 
The weather conditions were measured on site with a weather station (WH-1080, Clas Ohlson: 
Art.no. 36-3242). The weather data included (time resolution 5-min average) ambient temperature 
(−40–65 °C, resolution 0.1 °C), absolute pressure (918.7–1079.9 hPa, resolution 0.3 hPa), relative 
humidity (10%–99%, resolution 1%), wind speed (1–160 km/h) and direction (16 equal divisions), and 
precipitation (0–9999 mm, resolution 0.3 mm below 1000 mm and 1 mm over 1000 mm). 
During the measurement period (based on the daily averages; Figure S3), the temperature varied 
between 1 and 32 °C with an overall average 18 ± 8 °C and the absolute pressure varied between 893 
and 910 hPa with an overall average 900 ± 4 hPa. The overall average value of the relative humidity 
was 53% ± 21% whereas that of the wind speed was 5 ± 3 km/h (maximum value was about 14 km/h). 
The accumulated rain amount during measurement period was about 550 mm. 
2.3.2. Back Trajectories 
Air mass back trajectories were calculated by using HYSPLIT model [97–99] to follow the origin 
and path of air masses that arrived at the measurement site. Four-day back trajectories were 
calculated for each hour at arrival heights 100, 500, and 1500 m. 
3. Results and Discussion 
3.1. An Overview of the Mean Concentrations 
Particle size characterization was recently investigated and presented in our previous study by 
Hussein et al. [79]. Here, we only recall the overall mean concentrations (Figure S4). The submicron 
particle number concentration (PNSub) had a seasonal variation: monthly means 3.3 × 104–3.7 × 104 cm−3 
during winter (December–February) and 1.2 × 104–1.6 × 104 cm−3 during summer and early spring 
(June–September). According to the daily mean PNSub, the highest concentration was about 6.5 × 104 
cm−3 and the lowest was about as low as 7.7 × 103 cm−3. 
The PNSub also exhibited a diurnal pattern and weekly cycle with higher concentrations during 
workdays (Sunday–Thursday) than weekends (Friday and Saturday) (Figure 2a). These temporal 
variation characteristics resemble the influence of anthropogenic sources (mainly traffic) and were 
affected by local meteorological conditions (temperature, wind speed, and relative humidity). Based 
on the particle number concentrations, most of the submicron particles (about 93%) were within the 
ultrafine particle (UFP) diameter range (Dp < 0.1 µm). 
The first particle channel (diameter 10–15 nm) in the SMPS can be used to investigate the NPF-
related concentrations (here denoted as PNNPF). Although this size range seems to be affected by other 
sources such as traffic emissions [100]; (see Figure 1 right panel at around 6 LT). The average diurnal 
pattern of PNNPF was characterized by high concentrations (0.7 × 103–1.1 × 103 cm−3) during the daytime 
and a sharp peak slightly before noon, which was attributed to actual NPF events (Figure 2b). The 
lowest concentration of this particle size fraction was ≈320 cm−3 and it was observed between 
midnight and morning; specifically between 03:00 and 04:00. The most interesting feature of the PNNPF 
diurnal pattern is the sharp peak, which was observed on ≈34% of the measurement days. This peak 
value of the PNNPF concentration was in the range 1.5 × 103–1.8 × 103 cm−3 on workdays and ≈1.1 × 103 
cm−3 on weekend days and it spanned from around 09:00 to 13:00. As such, the occurrence of NPF 
events clearly influenced the dynamic behavior of urban aerosol particles in the urban atmosphere in 
Amman as follows: (1) changing the daily pattern of the UFP number concentrations and (2) changing 
the modal structure of urban aerosol particles.  
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Figure 2. Overall diurnal pattern and weekly cycle of the (a) total submicron particle number 
concentration (PNSub) and (b) number concentration in the first channel (diameter 10–15 nm); the 
vertical dashed lines are aligned at noon time. 
Figure 1 illustrates two different types of NPF events, in terms of growth patterns, observed in 
the urban atmosphere in Amman, Jordan: 
[Type I] a well-distinguished mode with continuously increasing mode geometric mean diameter 
(GMD) until it disappeared; there were 55 events 
[Type II] a well-distinguished mode with its GMD initially increased and then decreased at a later 
time before it disappeared; there were 55 events 
In both types, the starting time of the NPF event was, in general, around 10:00 when the 
nucleation mode particle concentration suddenly increased. In addition, the newly formed particles 
grew to the Aitken mode size range (0.025–0.1 µm). During Type I NPF events, the newly formed 
particles often continued their growth slowly through the Aitken mode size range while they rarely 
reached the accumulation mode size range (0.1–1 mm). During Type II NPF events, the newly formed 
particle mode grew reaching a maximum diameter close to the lower end of the Aitken mode size 
range, after which the mode diameter started decreasing, again reaching the nucleation mode size 
range (below 25 nm). Note that, the growth rate (GR) during the early stage of Type I NPF events 
was faster than that in Type II NPF events. Type I NPF events are widely observed in many other 
environments including urban regions [26]. In the literature, type II NPF events are less frequently 
[50,51,68,78,101]. The observed NPF in this study had an average time-span of less than 9 h. Some 
indirect results indicated that variations in the formation and growth rates of nucleated particles 
during their atmospheric transport could be a driving force of shrinkage for particles of very small 
sizes and on specific occasions. 
In the urban atmosphere of Budapest, Salma et al. [68] reported Type II events and called them 
“arch-shaped” NPF events characterized by a growth phase followed by a shrinkage phase. These 
events were observed in 4.5% of the observed NPF events. According to their observations, the 
shrinkage phase took about 1.5 h with a mean shrinkage rate of −3.8 ± 1.0 nm/h. They linked this 
shrinkage phenomena to changes in local atmospheric conditions: (1) global radiation, (2) the gas-
phase H2SO4 concentration through its proxy, and (3) in few cases atmospheric mixing. At subtropical 
conditions in Taiwan, the particle shrinkage rates ranged from −5.1 to −7.6 nm/h [101]. 
As suggested by many other studies, the observation of NPF events during the daytime indicates 
that solar radiation and air mixing are probably important factors [102]. Besides solar radiation, it 
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was also noticed that NPF events were associated with above-average ozone concentrations but were 
independent of PM2.5 [60]. It was also reported that NPF occurred at lower condensation sink, lower 
RH, higher solar radiation, and higher temperature [59]. 
In Amman, the main source of air pollution is traffic emissions in addition to local-scale 
residential heating in the winter. The traffic fleet is composed of a mixture of personal cars (operating 
on gasoline engine) and heavy duty and low duty transport (minibus and pickups, which are mainly 
equipped with diesel engines). The gasoline used in Jordan is unleaded fuel 90 and 95 octane whereas 
the diesel is not a high grade and it has high content of sulfur [103]. Therefore, it is expected that 
traffic emissions in Amman includes high contents of SO2, which is believed to be one of the main 
precursors (i.e., H2SO4) that have major role in NPF events in the urban atmosphere 
[26,29,41,58,66,71,101,104–106]. 
3.2. Frequency of New Particle Formation (NPF) Events 
Throughout the measurement period (365 days) we had 326 days of good quality data. We 
identified 110 days with NPF events (Figure 3 and Table 1), yielding an NPF frequency of about 34%. 
Most of the NPF events were observed during May (19 events) and June (17 events). Only two NPF 
events were observed in November, which also had 11 days of missing/bad data. Consequently, we 
expect that NPF events in the urban atmosphere in the Eastern Mediterranean have a seasonal cycle 
with high probability during the summer. 
Table 1. New particle formation events, non-event, undetermined, and bad/missing data. 
Year Month 
Event 
Und. Non-Event Bad/Missing 
Type I Type II Total 
2017 
January 5 0 5 8 17 1 
February 2 3 5 5 15 3 
March 7 4 11 6 14 0 
April 9 1 10 9 6 5 
May 8 11 19 8 4 0 
June 6 11 17 8 5 0 
July 3 8 11 15 3 2 
2016 
August 2 8 10 12 5 4 
September 4 6 10 9 9 2 
October 4 0 4 5 15 7 
November 2 0 2 3 14 11 
December 3 3 6 3 18 4 
Recently, Nieminen et al. [76] presented a systematic review about NPF events in different 
environments including polar, high altitude, remote, rural, and urban regions. According to this 
review, the NPF events seasonal occurrence was 31%, 27%, 20%, and 8% during March–May (spring), 
June–August (summer), September–November (autumn), and December–February (winter); 
respectively. The occurrence frequency was higher in the urban and rural environments than polar, 
high altitude, and remote environments. 
This NPF frequency in Amman has a rather similar seasonal variation as that observed in urban 
atmosphere in central European urban environments (such as Budapest and Vienna) [60,67], but it is 
different than what was reported in some other urban environments; for example, in Helsinki the 
NPF events were observed with higher probability in spring and autumn than in summer [40]. On 
the eastern part of Crete island (Finokalia station, April 2008–April 2009), the NPF events were more 
frequent during the winter than summer [77]. With a long-term (2008–2018) observation on the same 
site, the seasonal variation of NPF event occurrence had higher frequency during the spring and 
autumn than during the summer and winter [46]. 
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Figure 3. Occurrence of new particle formation events, non-event, undefined, and bad/missing data 
(i.e., no-data): (a) frequency and (b) monthly percentage. 
In a more comprehensive investigation for NPF events in the urban atmosphere of Budapest 
[66], the monthly mean frequency showed temporal variation that was prominently variable from 
year to year. In general, the NPF event frequency had an absolute/local minimum in January (5.6%) 
and August (21%) and an absolute/local maximum in April (40%) and September (31%). The NPF 
pattern was found to depend on multivariate relationships and complex interplay among influencing 
factors that included air temperature (January is the coldest month, while August is the warmest 
month) and enhanced emissions of biogenic VOCs in springtime (March–April) and early autumn 
(September). 
We also investigated the occurrence of NPF events during long-range transport (LRT) episodes. 
Our investigations revealed that the occurrence of NPF events in Amman was not affected by the 
occurrence of Sand and Dust Storm (SDS) episodes. Based on the back-trajectory analysis with the 
HYSPLIT model (4-day hourly back trajectories with arrival height of 100 m), the back trajectories air 
masses crossing map (Figure 4a) showed that during NPF events we observed air masses from North 
Africa (i.e., Saharan SDS), North Saudi Arabia, and the Middle East (i.e., Levant SDS). During the 
NPF events, the predominant air masses were tracked back along the Eastern Mediterranean region: 
(1) started from the Bosporus (Strait of Istanbul), which connects the Black Sea with Sea of Marmara, 
and the Aegean Sea, (2) crossing over the Eastern Mediterranean Sea between Crete and Cyprus 
before reaching Amman. Consequently, such air masses are considered marine (only a small fraction 
was continental before arrival) where extensive ship lines operated in the Eastern part of the 
Mediterranean Sea. It is worth comparing the back trajectories crossings during days when NPF 
events were not observed (i.e., Non-Event days). During Non-Event days (Figure 4b), the air mass 
source regions were more spread out than those during NPF event days, and the predominant path 
originating from the Bosporus was less probable. In addition, during Non-Event days, the air masses 
had a higher probability to originate from the continental areas in the Middle East as well as along 
the Red Sea. 
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Figure 4. Back trajectories (96 h backward) crossing map during (a) new particle formation (NPF) 
events and (b) no-events days. The back trajectories were calculated for each hour at arrival height 
100 m in Amman (measurement location). The color contour represents the back trajectories crossing 
frequency in each grid cell (resolution 0.5°). 
3.3. Characterization of the NPF Events 
The characteristic Formation rate J10, growth rate GR, condensation sink CS, and condensable 
vapor source rate Q during the observed NPF events are listed in Table 2. The overall mean J10 was 
1.9 ± 1.1 cm−3 s−1 with a monthly mean variation in the range 1.6–2.7 cm−3 s−1. The overall mean GR 
was 6.8 ± 3.1 nm/h with a monthly mean variation in the range 4.1–8.8 nm/h. The J10 did not have a 
clear seasonal pattern but the GR had a clear seasonal pattern with maximum around August and 
minimum during the winter (Figure 5). 
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Table 2. Formation rate (J10 [particles/cm3 s]), growth rate (GR (nm/h)), condensation sink (CS (×10−3 
s−1)), and condensable vapor source rate (Q (×105 molecules/cm3 s)). 
Year Month 
J10 GR CS Q 
Mean Stdev Mean Stdev Mean Stdev Mean Stdev 
2017 
January 2.7 1.3 5.6 1.5 13.3 5.0 4.6 1.1 
February 1.6 0.7 4.1 1.4 11.8 4.6 3.4 1.6 
March 1.9 0.9 5.5 1.4 10.8 3.3 3.3 0.8 
April 1.8 0.9 6.1 3.9 8.3 2.1 4.2 3.1 
May 2.1 1.2 7.0 3.7 6.9 1.4 3.7 2.1 
June 1.8 1.2 6.8 2.4 6.4 1.1 3.6 1.6 
July 2.4 1.2 8.1 2.7 7.5 1.2 5.0 1.6 
2016 
August 1.6 0.5 8.8 3.1 9.0 1.6 6.9 2.1 
September 1.9 1.5 8.5 3.9 8.7 0.7 6.4 3.0 
October 1.8 0.4 7.1 2.7 10.3 1.8 4.6 1.4 
November 1.6 0.5 4.9 1.4 14.8 3.2 3.1 0.7 
December 1.6 0.4 4.3 1.2 13.9 5.2 2.6 1.0 
 
(a) 
 
(b) 
 
Figure 5. Yearly pattern of the (a) observed formation rate (J10) and (b) modal growth rate during NPF 
events. The bars represent the standard deviation and the number above represents the number of 
observations during that month. 
The overall mean Q was 4.1 ± 2.2 × 105 molecules/cm3s and had a monthly mean in the range 2.6–
6.9 × 105 molecules/cm3s with a clear seasonal pattern (maximum around August and rather constant 
value in the range 2.6–4.5 × 105 molecules/cm3s (Figure 6), similar to values reported in literature 
[107]. As for CS, the overall mean was 8.9 ± 3.3 × 10−3 s−1 (characteristic vapor lifetime of about 3.27 
min). The monthly mean value of the CS was in the range 6.4–14.8 × 10−3 s−1 and it had a clear seasonal 
pattern with a minimum around June and a maximum in winter (Figure 6). The somewhat opposite 
seasonal patterns in Q and CS suggest that the high growth rates during summer are a result of both 
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higher vapor emissions and lower condensation sink. The lower condensation sink might be related 
to a higher boundary layer during summer, while the cause of the emission maximum is more 
speculative. Some possible explanations would be emissions from vegetation or residential air 
conditioning during the warmest months. 
According to the systematic review by Nieminen et al. [76], the formation rate and growth rate 
in rural and urban environments were higher than in polar, high altitude, and remote environments. 
The median (and range) formation rate (cm−3 s−1) among all sites (in total 36) was 0.61 (0.04–8.4), 0.46 
(0.008–6.6), 0.42 (0.002–5.9), and 0.46 (0.02–5.9) during March–May (spring), June–August (summer), 
September–November (autumn), and December–February (winter), respectively. The growth rate 
[nm/h] was in the range 0.8–9.2, 1.1–7.3, 0.5–10.9, and 0.8–10.7 during March–May (spring), June–
August (summer), September–November (autumn), and December–February (winter), respectively. 
As we pointed out in the introduction, there have been few studies about NPF events around 
the Mediterranean Sea [35,43–50,77,78]. On the north-eastern part of Crete island (Finokalia station, 
costal, April 2008–April 2009), the mean GR was 5.2 ± 3.4 nm/h [77]. Based on their long-term 
observation (2008–2018) on the same site, the mean J9 was 0.9 cm−3 s−1 and the GR was about 5 nm/h 
[46]. On the north-western part of Crete (June 2009–June 2010) at the Akrotiri station 
(costal/rural/suburban), mean GR was 6 nm/h and the formation rate was 13 cm−3 s−1 [49]. The 
relationships between GR, J10, and Q are presented in Figure 7. 
Figure 6. Yearly pattern of (a) the condensation sink (CS) and (b) the condensable vapor source rate 
(Q) during NPF events. The error bars represent the standard deviation. 
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Figure 7. Correlation plots (a) condensable vapor source rate (Q) (daily means) versus modal growth 
rate (GR) during NPF events and (b) formation rate (J10) (daily means) versus growth rate (GR) during 
NPF events. 
On Cyprus Island, which is the closest location to our location and shares similar air mass back 
trajectories [45,48], the NPF events were characterized during March 2015. During this period, the 
GR was found to be 2.8–5 nm/h and the J3 was 5–11.4 cm−3 s−1 [45]. In Helsinki we previously reported 
J10 as 0.9 cm−3 s−1 and GR as 3.8 nm/h [40]. In the urban atmosphere of Budapest [66], the monthly 
distributions for J6 (range 3–7 cm−3 s−1), GR10 (range 6–9 nm/h), H2SO4 proxy, and SO2 did not follow 
the monthly pattern of the event occurrence frequency. Instead, the J6, GR10, and H2SO4 proxy 
exhibited larger values during the summer months, and the temporal changes over the other months 
were smooth and did not show distinctive features. The growth curves of nucleated particles were 
usually superimposed on the characteristic diurnal pattern of road traffic direct emissions. In their 
one year (2009) investigation in the urban atmosphere of Budapest [41], the GR6 was 2.0–13.3 nm/h 
(mean 7.7 ± 2.4 nm/h). It was also suggested that the GR6 was higher in summer than in winter. In the 
same study, J6 was 1.65–12.5 cm−3 s−1 (mean 4.2 ± 2.5 cm−3 s−1). These reported observations in Budapest 
showed that the occurrence of NPF events and their seasonal characteristics vary from year to year; 
indicating that continuous and long-term measurements are recommended in order to have a better 
insight about NPF events. That was also revealed in their NPF events characteristics comparison 
between urban and rural sites [67], where they showed that the urban NPF events require higher 
formation rates and growth rates to be realized, by mean factors of 2 and 1.6, respectively, than the 
regional NPF events. For example, at the rural site K-Puszta, J6 was 1.9 ± 1.5 cm−3 s−1 and GR6 was 4.8 
± 2.3 nm/h as reported in year 2009 (versus urban J6 = 4.2 ± 2.5 cm−3 s−1 and GR6 = 7.7 ± 2.4 nm/h) and 
J6 = 1.8 ± 1.4 cm−3 s−1 and GR6 = 4.2 ± 2.1 nm/h in 2013 (versus near-city background J6 = 2.1 ± 1.5 cm−3 
s−1 and GR6 = 5.1 ± 1.5 nm/h). 
The formation and growth rates were also reported in Chinese urban environments [61,62]. 
Nearby an urban site on Lanzhou mountains (June–July 2006) [63], the GR was 1.96–16.97 nm/h (mean 
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4.4 nm/h) and J10 was 1.8–7.1 cm−3 s−1 (mean 4.3 cm−3 s−1). In Nanjing (June–July 2006) [62], GR was 7.6 
nm/h and J10 was 3.7 cm−3 s−1 (mean 4.3 cm−3 s−1). In Qingdao (April-May 2010) [61], J5 was 2.4–56.9 
cm−3s−1 (mean 13.3 cm−3 s−1) and GR was in the range 2–11.8 nm/h. These values in Qingdao were 
compared to those reported in Toronto (May 2009) [61], where J5 was 1.3–15.4 cm−3 s−1 (mean 7.1 cm−3 
s−1) and GR was in the range 1.1–8.3 nm/h. 
In Singapore [58], the newly formed particles in the urban background did not show signs of 
growth during July–August 2008 and January–February 2009; J5 = 18.8 ± 14 cm−3 s−1 (range 5.8–43.5 
cm−3 s−1). In two urban environments (Pune and Kanpur) in India [59], J5 was 7.2 ± 3.3 cm−3 s−1 (range 
3.5–13.9 cm−3 s−1) and GR was 6.5 ± 1.2 nm/h (range 3.4–7.6 nm/h) in Pune during April–May 2013 and 
J5 was 1.5 ± 1.0 cm−3 s−1 (range 0.4–3.2 cm−3 s−1) and GR was 8.7 ± 3.2 nm/h (range 5.2–13.3 nm/h) in 
Kanpur during April–May 2012. 
4. Conclusions 
While the literature is rich with numerous studies focusing on new particle formation (NPF) 
events and their characteristics in many places around the globe, few studies were conducted around 
the Mediterranean Sea and even fewer were related to environments in the Middle East. In this study, 
we characterized NPF events in the urban background of Amman based on the one year (1 August 
2016–31 July 2017) intensive measurement campaign of fine particle number size distribution. The 
characterization included classification of NPF events, frequency of occurrence, formation rate (J10), 
and growth rate (GR). According to our knowledge, this study included the longest dataset of 
measured particle number size distributions at an urban background site in the Middle East. 
The submicron particle number concentration (PNSub) had a seasonal variation: monthly means 
3.3 × 104–3.7 × 104 cm−3 during December–February and 1.2 × 104–1.6 × 104 cm−3 during June–
September. The PNSub also exhibited a diurnal pattern and weekly cycle with higher concentrations 
during workdays (Sunday–Thursday) than weekends (Friday and Saturday), which resembled the 
influence of anthropogenic sources (mainly traffic). Most of the submicron particles (about 93%) were 
within the ultrafine particle (UFP) diameter range (Dp < 0.1 µm). 
The particle number concentrations with the diameter range 10–15 nm (PNNPF) was used to 
investigate the NPF formation. The average diurnal pattern of PNNPF was characterized by high 
concentrations (0.7 × 103–1.1 × 103 cm−3) during the daytime and a sharp peak slightly before noon, 
which was attributed to actual NPF events. This sharp peak in PNNPF was observed on ≈34% of the 
measurement days. This peak value of the PNNPF concentration was in the range 1.5 × 103–1.8 × 103 
cm−3 on workdays and ≈1.1 × 103 cm−3 on weekend days and it spanned from around 09:00 to 13:00. 
We identified two types of NPF events based on the growth patterns. Type I with a well-
distinguished mode continuously growing until it disappeared (in total 55 events). Type II with 
newly formed particle mode initially grew and then shrank at a later time before it disappeared (in 
total 55 events). While Type I has been reported in almost all environments worldwide, Type II was 
observed on few locations. The NPF events were observed with higher frequency during the summer 
than during the winter and they were accompanied with air mass back trajectories crossing over the 
Eastern Mediterranean region: started from the Bosporus (Strait of Istanbul) and crossing over the 
Eastern Mediterranean Sea between Crete and Cyprus before reaching Amman. 
According to our analysis, the mean J10 was 1.9 ± 1.1 cm−3 s−1 (monthly mean variation in the 
range 1.6–2.7 cm−3 s−1) and the mean GR was 6.8 ± 3.1 nm/h (range 4.1–8.8 nm/h). J10 did not have a 
clear seasonal pattern but the GR had a clear seasonal pattern with the maximum around August and 
minimum during the winter. The mean Q was 4.1 ± 2.2 ×105 molecules/cm3 s (range 2.6–6.9 × 105 
molecules/cm3s) with a clear seasonal pattern (maximum around August). The mean CS was 8.9 ± 3.3 
× 10−3 s−1 (range 6.4–14.8 × 10−3 s−1) with a clear seasonal pattern (minimum around June and maximum 
in winter). 
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showing (a) the Mediterranean region highlighting Jordan, (b) Jordan with highlights on the geographical 
locations of main cities, (c) road network and the campus of the University of Jordan (shaded area) inside 
Amman, and (d) showing the details of the campus of the University of Jordan with the sampling location 
(shaded area) at the middle of the campus, Figure S2: Experimental penetration efficiency through the sampling 
lines (tubing and diffusion drier), Figure S3: Time series of weather conditions during the measurement period 
(1 August 2016–31 July 2017) presented as hourly, daily, and monthly means for (a) ambient temperature, (b) 
relative humidity, (c) absolute pressure, and (d) wind speed magnitude. (e) The rainfall is presented as hourly 
cumulative precipitation, Figure S4: Time series of the (a) submicron particle number concentration, (b) 
comparison between the CPC and SMPS + OPS particle number concentrations, and (c,d) the main particle size 
fraction concentrations ultrafine particles (Dp < 0.1 µm) and accumulation mode particles (Dp 0.1–1 µm). 
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